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ABSTRACT

3
“

Fatigue of silicate glasses was studied using both static and
dynamic tests. Static tutigue daca for acid-etched, soda-lime-silica
glass determined at 74° F in atmospheres of 30 and 100% relative humidity
could be represented by a single universal fatigue curve. The UFC for
acid~etched glass does not lie on the UFC of Mould and Southwick which
was determined for aoraded soda-lime-silica glass; the acid-etched
glass being less susceptible to static fatigue. On comparing the
fatigue behavior of acid-etcued, soda-lime-silica glass to that of
pristine E-glass and fused silica fibers, little difference was iound
in the susceptibility to static fatigue. In addition, dynamic fatigue
data for a wide variety of silicate glasses (soda-lime-silica, E-glass,
pyrex, and fused quartz) was compared to fundamental crack velocity
data for these glasses utilizing the dynamic fatigue theory of Charles.
Agreement was gocd on both a quantitative and qualitative level. The
theoretical implications of these results on static and dynamic fatigue

are discussed.
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1.0 INTROUUCTION

An area of great technological importance and scientific in-
terest is the dependence of fracture stress on the time of loading,
known as static fatigue. Class loaded at a rapid rate or forced
to support a given load for a short pericd ¢© time is found to be
relatively strong., In contrast, glass is found to be relatively
weak i the load: g rate is slow or if the glass is furced to
support a given load for a long time, The main experimental and
theoretical results on static fatigu: have been summarizedl’2 and
the dominant btelief is that static fatigue results from a stresse
dependent chemical reaction between water varor and the surface
of the glas. that causes a pre-existing flaw to gzrow to critical
dimensions fer spontaneous crack propagation,

The theoretical stress corrosion model of Charles and l*{:LlligB’h’S
has been shown to satisfy most of the experimental results on static
fatigue of abraded, low s.rength glass. However, because of its
potentially high mech;nical strength there is an increasing interest
in the use of silica@e plasses as a practical load-bearing material
in such structures as deép submersible vehicles.2 Therefore, it

is important that the { atigue behavior of high strenglh glass be
well ander#tood on both an experimental and theoretical basis.

By measurin; the dependence of strength on stressiny rate of abraded

6

and acid-etched, svda-lime-silica ylass, Pitter has established

3

that the stress corrosion model of Charles” correctly predicts the

of fect ¢f dynamic loading on bo'h hiph ang low strength soda-lime-




silica glasa., Part of the objective of the present study is to
extend the experiments of Ritter to test whether or not the stress
corrosion model can predict the eifect of static loading on acid-
etched, soda-lime-silica glass,

While there have been extensive studies on the effect of che:

7

mical composition cn corrosion behavior,’ there has been relatively
little work done on relating chemical composition to stress corrosion,
although it has been shown that the susceptibility to stress corrosion
depends on chemical composi:,ior..8 The only extensive work known tc

2,10 who measured 8lo¥ crack

the present author is that of Wiederhorn
propagatior as a function of siress in various silicate glasses by
the double cantilever beam technique, Thus, the second phase of

the present study is to measure the strain rate sensitivity of va-
rious silicate glasses and comparz these results to those of Wieder-

horn. In this way it is hoped to more clearly elucidate the depen-

dence of stress corrosion susceptibility to chemical compositiorn.
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2,0 LITERATURE SURVEY
2.1 Strength of Class

A1l theoretical estimates of the strength of glass result

in values from 1 x 106 to 5 x 106 psi'Z,ll,lz

Since the measured
strengths of glass articles are in thousands, not millions, of
pounds per square inch, Grirfithl3 proposed that micro-cracks or
small flaws exist at the surface of glass., By equilibrating tne
rate of decrease of strain energy associated wiin growth of the flaw
under stress to the rate of increase of surface energy, he found that
the fracture stress is inversely proportional to the square root of
the depth of the surface flaw, Orowanlu reached the same conclusion
through an alternate derivation., Orowan proposed that fracture is
due to the stress-concentrating action at the tip of the flaw,
Fracture occurs when the applied stress produces a stress at the flaw
tip equal to the intrinsic strength of the glass. The observed
strength of a glass specimen is thus the applied tensile stress

that will initiate crack propagation at the most severe flaw pre-
sent in the stressed region, Once started, the extensicn of the
crack is ensured by the applied stress and the increasing siress
concentration factor of the yprowing crack. Surface {laws can range
from discontinuities of atomic dimensicns, with astociated strengths
in the range of one million psi, to gross mechanical damage that
reduces the strenpth to a few thousand psi. Since the flaws cannot
grow under a compresusive stres:, the f'law concept aiso accounts

for the fact that plass is extremely strong in compression, The




presence of surface flaws is by far the most important single factor

in determining the observed strength of any glass specimen,
2.2 Static Fatigue

When glass supports a load the chemical interaction of at-
mospheric water vapor with the glass surface often leads to a time-
dependent reduction in strength, known as static fatigue or delayed
failure, Excellent reviews of the subject have been written by
several authors.11’12’15'1? It is generally believed that static
fatigue results from a stress-dependent .hemical reacticn between
water vapor and the glass surface which causes an alteration in the
shape and/or depth of surface flaws, Therate of the reaction is
thought to increase with the state of stress at the surface, the rate
Increasing with increasing stress, Because of the stress concentra-
tion effect, the chemical reaction proceeds more rapidly from the
tips of surface cracks, and since the reaction products are weaker
than the unreacted glass, the c racks lengthen with time, Failure
occurs when the crack is su’ticiently long to satisfy the Griffith
criterion, That is when the stress at the c rack tip increases to
the ultimate cohesive strength of the plass. The time to failure
in a static fatipue test ie the time for a surface flaw to grow from
subcritical to critical Griffith size. This time depends on the
magnitude of the applied stress, the duration of exposure to a

reactive environment, and physical parameters characteristic of the

material,
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2.3 Fatigue Theory of Charles

n
CharlesB’ assumed flaw growth at a constant temperature

may be cdescribed by an equation of the form

n
vy = ko’m (1)

where vy = velocity of the flaw tip in the x direction (the direction
of maximum tensile stress gradient), OR = normal tensile stress

at the flaw tip and k,n = constants., He derived that for the case

of dynamic fatigue, where an increasing load is applied until failure,
the breaking strength of glass should vary with the rate of stress

application as follows:

1/n+l
g, = ke’" (2)

where gy = macroscopic applied tensile stress at which failure

occurs, B = rate of stress application, and K = constant,
2.L The Universal! Fatigue Curve of Mould and Southwick

The most comprehensive experimental investigation of static
fatigue was conducted by Mould and Southwickls who studied delayed
failure as a function of stress over nine logarithmic decades of time,
Workin;, with soda=lime-silica glass microscope slides subjected to
a varioty of surtace abrasions, they found that the static fatigue
bohav Lor could be churaclorized by o oingle curve, Fip, 1, when
failure times and applied stresuces-are piven in reduced units,

The reduced stres: is defined as 0’/0k where O is thz fracture

N
stres: measured at liquid nitraogen tesperature, The reduced time
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Figure 1,

Universal fatigue curve for soda-lime glnrq abraded in
various ways (after Mould and Southwicklb). G’ is the
applied stress. crN is the fracture stress messured
at liquid nitrogen temperatures., t is the delayed

failure time, t is the failure time at one-halft
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the strength at liquid nitrogen temperature.
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half" the strength at liquid nitrogen temperature. It should be em-

is defined as t/t_ . where to is the delayed failure time at one
phasized that the abrasions studied covered only a small range of
severe damage with correspondingly low strengths and that the curve
was determined for soda-lime-silica glass tested at rnom tempera-

ture in distilled water,
2.5 The Theory of Charles and Hillig

Charles and Hillig5 by refining the original model of Charlesh
developed & stress corrosion model that best satisfies the available
experimental data, They considered an isotropic, brittle material
as an elastic continuum which chemically reacts with its environ-
ment, lailure of the material under load was attrituted %o an
alteration, by a corrosion reaction, of the geometries of pre-exis=-
ting flaws or cracks on the surface. The model analyzed was an
elument of material under uniaxial stress and containing a semi-
elliptical surface flaw., The equation developed for the velocity
of a moving crack in a corrosive environment and having a crack

tip stress o was
V=V, exp-(-v%"+ cao € +F‘Vm/2(° )/RT (3)

where v represents the corrosion rate for a stress free surface
and vt is termed the activation volume, The term Co‘y represents
the combined effect of the disappearance of strain energy and a
second order term in the expansion of activation free energy.

The term f'vm/2( represents the effect of curvature of the reaction
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surface, |7 is the surface free energy of the glass-corrosion
product interface, V. is the molar volume of the glass and ¢
is the radius of curvature of the crack tip., Charles and Hillig
utilized the above velocity equation to derive a differential
equation expressing the change of flaw contour with time, Three
different chanyes in flaw geometry dependent on the level of applied
stress are illustrated in Fig. 2, In Fig. 2a the glass 1s under
no stress and the courrosion process attacks all surfaces uniformly.
This rounds out the flaw tip and leads to a reduction in stress
concentration and an increase in strength., This is what occurs,
for example, on etching glass in hydrofluoric acid. When the applied
stress is just insufficient to cause immediate fracture, it is
assumed that corrosion takes place more rapidly in the highly stressed
region near the crack tip. The crack lengthens and sharpens with
time, which increases the stress concentration until eventually
catastrophic failure occurs, Fig., 2c, At some intermediate applied
stress the sharpeniny of the flaw by stress corrosion is balanced
by the rounding out effect and the stress concentration of the flaw

remains constant, Fig. 2b., This accounts for the existance of a

fatigue limit in static fatigue,

By making various assumptions about flaw geometry and size,

the following basic equations for static fatigue were deriveds

3o PV, A
Sl.= —-’—;-—-—;! (h)
8V L J

I VSN

—cwr
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Figure 2.

Hypothetical changes in flaw gcometry due to corrosion

or dissolution: (a) flaw rounding by corrosion; (b)

flaw growth such that the rounding of the tip by stress
corrosion balances the lengthening of the flaw; (c) flaw

sharpening as a resull of stress corrosion (after Charles

)
and Hillig”).
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SL iy the fatigue limit stress, the applied stress below which no
failure of the specimen can occur, 07, is the theoretical strength
of the material, L is the initial depth of the flaw. The other
terms are as previously defined.

v o

Int/t _=- =0 |Je—e— 4| -1 (T/0) (5)
UUS ) u G N
Ity N ]

t/to ; is defined as the reduced time where t is the time~to-failure

at one-half the liquid nitrogen failure stress, 0”'/crN is defined
as the reduced stress where g- is the failure stress and crh is the
failure stress at liquid nitrogen temperatures. It is important

to note that static fatigue is not observed at liquid nitrogen tem-
peratures, therefore CVN reflects the initial flaw size of a given
sample withcut prior flaw growth, f(G'/crN) is a slowly varying
function which relates the short time behavior of the fatigue system
to the time behavior of the system as it approaches the fatigue limit,
Thus, this theory provides a basis for the broad understanding of
the delayeu failure process in terms of readily interpretable
parameters and allows quantitative predictions to be made of the
effect of temperature, corrosive environment, surface tension, etc..
By comparing the experimentally deteri.ined slope and fatigue limit
of the universal fatigue curve of Moula and Southwick with the
expectations of Eq. (L) and (b), Charles and Hillig obtained rea-

sonable values tor the parameters CTU, Vm, V¥ and 1" and the experi-

mentally measured quantities 1 and SI .

- o
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2.6 The Crack Veloci:y Measurements of Wiederhorn

Wiederhornq used the double cantilever cleavage technique
tu study the effect of water vapor on crack propagation in soda=-
Jime glass, He found the crack motion could be divided into three
regions. In Renién I the crack propagation was due to the corrosive
attack of water vapor on the glass at the crack tip. The crack
velocity in Hegion II was believed ic be limited by the rate of water
vapor transport to the crack tip. 1n Hegion III an unknown propaga-
tion mechanism occurred which was independent of water vapor cone

centration,

From the crack velocity equation of Charles and Hillig,S

9

Wiederhorn’ derived a relation that rejprec-—ted the crack velocity

behavior of Regions I and 11, however, his theory only partially
explained the effect of water vapor concentration on crack velocity
in hegion I1. The disagreement was thought to be due to the un-
certainty of the chemical reactions occurring at the crack tip

and tre assumption of a constant boundary layer thickness at the
crack tip. No satisfactcry explanation was found for crack propaga-

tion in Region I1I,

Recently Wiaderhornlo showed that his data may be represented

by n velocity eguation of the form

voovexp - B - b Ky ymr o (6)

where K 1o the stres: conventration tactor for the notched double
1

cantilever confiyuraticn and b, v, and B are experimentsl constants

11
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determined by fitting the above equation to crack velocity measure=-

0
951 tested various silicate

ments on a particular glass., Wiederhorn
plasies at relative humidities ran;ing from 0,017% to 100% and

Lemperatures from 2 to 9000. He found that while v, was a strong
functlion of relative humidity b was not, Using the relationship
between stress intensity lactor, applied stress and crack length,

he integrated Eq. (6) and showed that the time to failure in a

static fatigue test is

2 a1
t = (2L1/K1 v, exp(-Fa/RT)) flb X exp(-tK/kT)dK (7
K
1

where L1 is the initial crack lenyth, Kl is the initial stress

concentration factor, KlC is the critical stress concentration
factor for failure in liquid nitrogen and R and T have their usual

significance. From Eq. (7) he then derived that

Kl/ch = o‘/cr-N =05 - (2'5RT/bK1C)1°519(t/tO |4) (8)

where O is the applied stress in & static fatigue test and CrN

is the failuie stress at liquid nitrogen temperature, All other
terms are as previcusly defined,
Equation {8§) 1s the form of the universal fati,ue curve,

Since b and N . are imdeporxent of relative humicity, Eq. (8)

1C
predicts that a universal fatijue curve is independent of relative

humidity . Therefore static fatigue dava for a given chemical

i
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composition and fixed temperature snould lie along the same uni-
versal fatipue curve regardless of what relative humidity is chosen
for testiny. The equation alsc predicts that the effect of increasing
temperature on a univerzal fatigue curve should be to increase the
slope in the negative sense,

EG. (8) may also be rearranged to get

This is the form of static fatigue curves presented in the usual
way (failure stress versus log time to failure). Eq. (V) predicts
that static fatipue curves'for a ygiven chamiecal composition and
temperature but determined at different relative humidities are

parallel and are just shifted v'ith respect to one another by an

amount determined by log to g
2.7 Glass Fikers

The strengths of glass fibers are greater than any of the
commonly available materials of construction, Fristine E-glass

5

fibers exhit:it averaye streng:hs of 5.2 x 107 psi in room environment
and 3,2 x 105 psi at liquid nitrogen t,emperat,ures.l8 1t is thought
that the stremgth at liquid nitrogen temperatures represents the
theoretical strength of undamayed glass fibers, At liquid nitrogen
temperatures thermally activated corrosion processes are practically

inoperative; it is believed that in undamaged fibers fracture is

initiated by interstices in the atomic structure, The lower strengths




in room atmosphere are believed to result from static fatigue.

2,8 Static Fatigue of High Strength Glass Fibers

Static fatigue curves for E~plass fibers from various investi-
yators are shown in Fig. 3, Both Ottol9 and Hollinger et 31.20 took
their data at room temperature and 50% relative humidity., Schmitz
and Metcalfe21 obtained their data at 100% relative humidity and
temperatures between 8 and 86°F. The curve and data points marked
Hollinger, et al., was obtained by reading the data points from
a plot in Heference 20 then taking the least squares line, The
curve marked Otto is the line throupgh his data as read off his
pyraph by the present suthor, The curve and data points marked
Schmitz and Metcalfe were recad from lleference 21l. From Fig. 3
it can be seen that the static fatigue curve of E-glass does vary
somewhat from investigator to investigator, This could be due to
differences in temperature, chemical composition, handling, or
nanufacturing processing., it is interesting to note that Schmitz
and Metcalf521 did not observe a fatigue limit but instaad a drop
off in their data. The reason for this is unknown,

Jure fused silicn is believed to be the strongest of the
silicate plasses, Morly et u1.22 have obtained averape strengths
of 8.% xlO5 psi in room atmosphere with fibers of fused silica.
1n liquid nitrogen strengths increased to 2,0 le6 psi. Proctor
et 31.23 investiyated static fatigue of fused silica at 30°C and
100% relative humidity. Figure L shows the line he determined

through his data as read by the present author from a plot in Refer-
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ence 23, The remarkably hiph strength of fused silica is evident

by comparison with E-plass Fig, 3.
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3.0 PLAN OF WORK

After reviewing previous literature, it was proposed to
experimentally determine the static fatigue curve (failure stress
vs time to failure) of high strength, acid etched, soda-lime-silica
glass rods at 7L°F and relative humidities of 50% and 100%. These
results will be compared to the universal fatigue curve of Mould and
Southwickls and theoretical predictions of the stress corrosion

5

theory of Charles and Hillig.” Using this st ‘'ss corrosion theory,
fundamental parameters describing stress corrosion will be determined.
By making additional static “ests at 100% relative humidity and
different temperatures, an attempt will also be made to determine

the apparent activation energy for stress corrosion,

In addition, the susceptibility to stress corrosion of fused
quartz and borosilicate glass will be determined by measuring the
dependence of strength on stressing rate., The results will be analyzed
in the light of Weiderhorn's9’lo crack velocity studies and Charles'
theory3 of dynamic fatigue. An effort will be made to correlate
Wiederhorn's fundamental crack velocity data with the dynamic fatigue

data of various silicate glasses,

ot et
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.0 PREFAKATION OF ACID-ETCHED RODS

Kimble R-6 soda-lime-silica glass rods 3mm diameter were
cut to 8§ inch lengths. They were then annealed for one hour and
furnace cooled. Initially rods were annealed at hSOcC, later an-
nealing was done at 500°C, Annealing reduces residual stresses,8

promotes a more uniform glass network,11

and reduces variability
of results, The etching apparatus is shown in Fig. 5, A commercial
stirrer running through a seven to one speed reducer turns the rod
holder at approximately 90 rpm. Eleven rods may be pliced in the
plexiglass holder at one time, Rods are held at the ends to prevent
them from touching each other during etcing., Approximately .025
inch was etched off the diameter of each rod in a water solution
of 15% hydrofluoric and 15% sulphuric acid. According to Proctor,zh
this is sufficient for maximum strength., During etching the holder
was occasionally stopped and one rod, separate from the others,
was rapidly removed, measured, and replaced as a check on sample
diameters, After etching this rod was discarded. The ten other
samples were rinsed in tap water and dried by dipping in acetone,
Care was taken during handling so that the rods were never touched
beyond 13 inches from either end. The inner span of 5% inches was
then always available for testing.

Acid-etched rods 53 inches long were also required for ex-
periments. These were made by cutting down previously annealed
8 inch lengths. Etchiny was done in a smaller plexiglass holder,
Rods were held only at the bottom since their short length prevented

them from touchiny each other during etching., Care was taken in

19

S st IR ,,}

i e 12 s

5 i ke

i cybesrt s




.

atw

tr

v

f

Shp

vhebon

The

Fiyure v,




W T

1
21
handling so that these rods were never touched more than 3/k inch
I in from either end. An inner span of 3 3/i inches was always avail-
able for testing, After ypreparation acid-etched rods were stored
! l in a dessicator (Section 9,1) or tested immediately,
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5,0 HEPARATION OF ABRADED RODS

The abrasion apparatus, similar to that of Caporali26, is
shown schematically in Fig, 6. 1t was used to produce a controlled
reproducible abrasion in the sample surface., In operation compressed
air is regulated to 7 psi and fed to the grat supply and grat blast
inlets. The motor is adjusted to rotate the glass rod at approximately
250 rpm, The compressed air 1t turned on for 5 seconds, Number 240
silicon carbide grit 1s blown through the blast nozzle against the
sample and the result is shown in Fig. 7. Although the visible
area of highest flaw density is relativeiy small, it should be noted
that practically the entire length of the sample is exposed to abra-
sion during blasting. After blasting the samples were rinsed in dis-
tilled water to remove any clinging grit. They were then ready for

ageing treatment (Section 8,3) or immediate testing.
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Grit reservoir plug
Crit reservoir

Air inlet 7 psi
Solder fill

Blast funnel
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Aluminum coupling
Electric motor 250 rpm
Waste outlet
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5.0 DINAMIC AYPARATUS

The dynimic apparatus used by Ritteré to measure breaking
strength in a dynamic test was mounted in an Lnstron universal test-
ing machine, This is a four point bending apparatus with inner and
muter spans of 0,813 and 2,808 inches respectively. The supports
are ball be.rings of 0,750 inch diameter. The inner rollers are
fitted with brass sleeves having a peripheral radial groove with
a diameter of ,760 inch. This ;Toove enables - specimen to sit
stably on the center rollers while the outer rollers are brought
into contact with it. Cross head speed on the Instron could be
varied from ,005 to 5 cm/min, The specimen is accessible during

tast so that it can be wetted if desired,
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7.0 STATIC AFPARATUS

7.1 The Buckling Instability in Four Point Bending

In investigating the fatigue behavior of pristine soda-lime-
silica glass in four point bending, large deflections are imposed

on the glass rods, These large de¢“'-~tions lead to non=linear re=-

lations between load and deflecticn, Thzrefore, the assumptions

of ¢imple beam theory are no longer applicable, These assumptions

include that the reactions at the supports are vertical, and that
the term (dy/dx)2 is small compared to unity in the expression
for curvature, Also, the effect of shifting of the point of tan~
gency at the load and support points is not considered in simple
beam theory, Therefore, for large deflections the complete non-

linear differential equation governing beam deflection must be

solved and corrections made for changes in geometry during loading

as well. Recently this has been done by Vrooman and Ritter25

-

using numerical techniques., Their solution shows that in a four

»

| point bending test with large deflections simple beam theory may

| result in a significant error in comparison with the numerically

! ) calculated stress, They also show that above a certain load a sample
will buckle and pull through the outer span. The stress corresponding
to the bucklin; lcad represents the maximum stress that can be mea-
sured, All the fracture stresses for acid-etched glass specimens
where large deflections occurred were calculated using the numeri-

cal analysls of Vrooman and Ritter,
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7.2 Testing Stations

Two types of testing stations were used to investigate static
fatigue., These were basically similar in design and were termed
types A and B, Dimensions of the A type testing station are such
that four samples could be tested simultaneously inside the envi-
ronmental chamber while only one sample could be tested using the
type B station., Therefore, for static fatigue tests at the lower
stress levels, where failure times are likely to be appreciable,
the type A stations were used., The type B station was designed for
tests al stress levels above the buckling stress of type A, It
was anticipated that such tests would be required for high stress

levels at 50% relative humidity.
7.21 Type A Static latigue Testing Stations

Fiy . 4 is a schematic sketch of a type A static fatigue
testing station, These stations were originally used by Ritter
and V'r'oomun?7 and were modified for the present investigation,
The 1load is applied to the plass rods in four point bending through
a pivoted load arm, After a spocimen fractures the load arm is
caught by a rubber bumper to preveni, shock loads in adjoining sta-
tions, The weivhts which are attached to the ends of the loading
arms are commercially avallable kiloyram sets having a tolerance
of 1,0 yrams per kilogram and are enamel coated to resist corroeive
environments,

¥Failure times are recorded by eight electrical dig-
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ital clocks mounted on a panel board which are turned on and off

' by microswitches which sense the position of the loading arm during
specimen loading and after fracture. Two clocks are used for each

station, The first records the time in minutes and tenths of minutes é

up to six digits, The second records the time in seconds and tenths
of seconds up to five digits. The electrical schamatic is shown
in Fig. 9. Four parallel circuits of this type were used, All
materials in the fatigue apparatus are aluminum, brass, or stainless

steel to resist the corrosive atmosphore of water vapor used in

the fatigue tests,

The loading arm is 12 inches long, providing a nominal me-
chanical advantage of 6.857 to 1, The arm pivots in a .625 inch o.d,
sealed stainless steel bearing to reduce friction., The outer supports

are ,750 diameter stainless steel rollers having a ,125 inch radial

groove of ,621 inch diameter, The grooves enable a glass rod to

ment of the specimen during testing. The load is applied at the
center of the 34 inch gage length between the outer rollers through
sealed stainless bearings of .62% inch diameter, The inner rollers
are 1,312 inches apart, Both tlie load and support rollers are pinned
to allow the glass rod to deflect with a minimum of friction at

the supports, In addition, the load bearings are attached to an

TSR

aluminum block which is pinned so that it can pivot in the loading

carriage, As the arm is lowered, two bearings adjust to a hori-

gontal position when they contact the glass rod and remain essentially

i ' rest stably in the center of the roller and provide accurate align-




e I £

-

120v, 1FH
FLl PL2
{ b
@ \
Dl : D2
| | 7|/f’
bl s ! us2
Figure 9, Static fatigue test station carcuit

MS1 is the microswitch against the loading arm
and turns timers on during loading.

MS2 is the microswitch below the load arm to shut
timers off when sample fails,

D1, L2 are digital readout timers,

kL1, FL2 are pilot lights,
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horizontal as the rod deflects, In this way four-point loading is
approximately maintained at all deflections, and a correction is §
provided to compensate for any slight deviation of the arm from

horizontal in the fully loaded position., The load carriage which

is aligned perpendicular to the loading arm by a brass pin and a
brass carriage bolt, can be adjusted so that the loading arm is al-
ways horizontal when the samples are fully deflected, regardless
of the applied load.,

The adjustment of the load carriages was first made
by adjusting the carriage on an extra station so that for a given
diameter glass rod and load, the lcading arm was horizontal when
the glass rod was in the deflected position. The distance from
the top of the carriage to the top of the loading arm was then mea-
sured using the depth gage of a vernier caliper and the other fatigue
stations were adjusted to this dimension,

The nonlinear bending analysis of Vrooman'and Ritter25
gives stresses as a function of rod diameter and the load parameter P,
equal to one half the load in pounds applied to the center rollers
of the bending apparatus, Although the nominal mechanical advan-
tage of the type A stations was 6.8%7 to 1, to compensate for the
weight of the loading arm and any slight variation in station di-
mensions the followin: calibration was done:s The force exerted by
the unloaded arm was measured using a Toledo model LO31RA scale
having two pans and a dial reading firom O - 2 1b, in 0,01 1lb, in-

crements, The base ol the station was clamped so that the load arm

PR R JRUR LS NV L SIS

was above one pan and the inner rollers pressed against the pan
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through ground spacer blocks, Weights were added to the other

pan until the load arm was horizontal as measured by a bubble type
level, Weights used were commercial kilogram sets having 4 toler=-
ance of 1,0 grams per kilogram. Then the scale reading was added
to the weight in the second pan and the weight of the spacers

was subtracted to give the weight of the unloaded arm, The mecha=
nical advantage was computed using the following formula:

A =wt, in pan + scale reading ~ wt, of arm - wt, of spacers (10)
‘load

Where A is the mechanical advantaye and load is the weight hung

on at the end of the loading arm. Loads of 500, 1000 and 1500

grams were used and mechanical advantage was computed for each load.
This procedure was then repeated for the three remaining station,
The measured weights of the unloaded arms were then averaged.

The computed values of mechanical advantage for each station were
averaged and the average taken ol these, The average arm weight
was 1,48 1bs, and the average mechanical advantage of all stations
was 6.85 in apreement with the nominal value of 6,847, Therefore,
for all stations the total force F in 1lbs, exerted on a specimen

by the coenter rollers was considered to be given by
F =198 + 6,85 x LOAD (LB) (11)

Since P is one half the total force, the relation between load hung

on the ent of the loading arm in grams and P in lbs, 18
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LOA (Gm) = (F=,99) x U53.59 (12)
x 6.

kFor all static fatigue tests using type A stations, P wa3 deter=-
mined at a y'.ven stress level from & plot of the nonlinear analysis
and the above equation was used to determine load. The average
buckling stress of the type A station was 285000 psi for the rod
size range used, Therefore, static fatigue tests using the type A
stations were not made at stresses above 270,000 psi.

To determine the minimum response time of the appara-
tus using the type A stations the fo'lowing test was run, Loads
of 3 kilograms were huny on the end of each load arm, This load
is much greater than needed to fracture the glass rods and hence
immediate failure resulits when the load arms are lowered, Acid=-
etched soda-lime-silica glass rods .0v8 inches in diameter were
placed in the stations und when 7" F and 100% relative humidity
was reached the arms were lowered and times to failure recorded.
This procedure was repeated until 15 samples had been tested.
The average time to failure was computed to be .J03 minutes with

recorded failure times ranging from 001 to ,006 minutes,
7.22 Type B Static Fatipue Testing Station

Fiypure 10 is a photorraph of the type B static fatigue
testing station., The type B station was designed tor use at stress
levels above the buckilng stress of type A and where static fatigue
failure times were anticipated to be thort, The type D static fatigue

tesiing station is similar in design, construction, and operation
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to the type A, Its principal features are reduced inner and outer
spans, smaller rollers, and a longer loading arm,

The loading arm is 18 inches long providing & nominal
mechanical advantage (geometrically calculated) of 16,74. The outer
supports are 475 inch diameter stainless steel rollers and have a
.125 inch radial groove of ,375 diameter. The inner rollers, also
of stainlesc steel, are ,375 diameter, All rollers are pinned to
reduce friction, The inner and outer spans are 2.150 ami 0,750
inches respectively, A mercury switch attached to the load arm
starts experiment timing instead of the normally open microswitch
used on the type A, Timing is stopped when the sample fails and the
load arm contacts a microswitch.,

The force exerted on the center rollers by the unloaded
arm of the type B station was determined by the same précoduro as
described for the type A except that a grourd roller was placed
between tie inner rollers to decrease friction between the arm and
the scale pan, The force exerted by the unloaded arm was found to
be 5.99 lb., Previous experience with the type A stations in deter-
mining the mechanical advantage had shown good agreement betinn '
nomina {geometrically calculated) and measured velues, Also, the
force exerted bty the center rollers of the type B station was far
above the scale capacity of 30 lb, Therefore, the nominal value
of 16,7L was used and for the type B nutic fatigue testing station
the relationship between the weight in grams hung on the load arm
and the load paramecter P in lbs. from nonlinear bending analysis
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LOAD(Um) = (P~-3,00) x L53.59 (13)
# X 16.7[‘

For all s*atic fatigue tests using type B stations, P was determined
from a plot of the nonlinear anzlysis and the above equation was
used to determine load, The average buckling stress of the type B
was 70,000 psi for the rod size range used, This was well above
the highest anticipated testing stress for static fatigue,

To determine the minimum rasponse time of the appa-
ratus using the type B station the following test was run, A load
of L kilograms was hung on the end of the load arm. This load is
much greater than needed to fracture a sample and hence immediate
failure results when the load arms are lowered. An acid-etched
soda-lime-silica glaes rod was placed in the station and when ThOF
and S0% relative humidity was reached the load arm was lowered and
the failure time recorded, Thie procedure was repeated until 10
samples had been tested, The average time to failure was computed
to be 003 minutes with recorded failure tir.. -snging from ,001

to .(X)S minutes,
7.3 Environmental Chamber

Static fatigue tests were made inside a Develco Model MCO8
temperaturs humidity test chambor, Fig., 1ll. Chamber inside dimensions
are 30 in, high x 24 in, wide x 22 3/L in, deep., Wet and dry bulb
temperatures are reai on a Bristol Model 2TSO0FF-3B-3B-0i recorder
controller from probes jocated inside the chamber. During testing
1008 relative humidity was easily maintained at 7L°F. However,

. B
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during the 50% relative humidity tests at 7L°F the lowest relative
humidity obtainable varied between 50 and 58%. On hot, humid days
the refrigeration compresscr would shut down automatically due to
overheating, This was finally cured by having a 4 hp fan with

two siroccc blades blow air through the condenser thereby increasing
cooling,

An aluminum rack was installed inside the chamber and leveled
for mounting of either type static 1.tigue testing station. Each
station was then mounted on rubber pads as shown in Fig, 8 as pro-
tection against external vibrations and vibrations caused by failure
of the glass rods in adjacent stations, The rack was slotted so
that sheets of plexiglass could be placed between the type A stations
tc prevent fragments of brcken glass rods from one station causing
failure in adjacent stations, An external crank was added and a
pulley system using nylon cords was built inside the chamber to
raise and lower the testing station loading arms., Fatigue tests
could be observed by turnin: on a light ingide the chamber and

lookinp through the thermopane window in the chamber door,
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8.0 EXPERIMENTAL FROCEDLRE
8.1 Preliminary Investigations
B.11 Storage of Acid-Etched Rods

The effect of storage in vacuum and dry air was in-
vestigated to determine if acid-etched rods could be stored before
testing without loss of strength, Acid-etched rods were produced
uas described in Section 5.1, A 10 inch diameter glass vacuum de-
siccator was obtained and two steel racks were made so that speci-
mens could be placed horizontally in two layers inside the desiccator.
A maximum of 3Y rods could be stored in this manner and the desicca-
tor was loaded with freshly eiched samples several times, For
dry air tests the desiccant used was either calcium chloride or
a mix.ure of calcium chloride and Drierite (anhydrous calcium sul-
phate). For vacuum tests a mechanical pump was connected to the
desiccator, A vacuum could be maintained at 0,08 Torr as read by
a thermocnuple sensor in the vacuum line, The desiccator was opened
at intervals of from one to nineteen days, Groups of fourteen to
thirty-one rods were remeved and testeqd dynamically, A group of

thirty-one samjles were tested immediately after etching as a control.
8.12 Effect of Tygon Sleeves

1t has been suggested in the literature that less
variation is obtained in the btreaking strength of glass rods when

the . .ds are tested with short sleeves of tygon tubing at the ends
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to prevent direct contact between the outer pair of rollers and the
specimen, To determine if this was true, three groups of rods were
tested using the dynamic apparatus described in Section 6.0, Acid=-
etched rods were freshly made in the usual way (Sect. 4.0), and
fresh tygon tubing 1/8 i.d. x 3/16 1.d. was cut in one inch lengths.,
For the first series of seventeen rods the same two tygon sleeves
were used throughout, These two sleeves had also been used to break
two rods in practice runs, For the second series of 16 rods, new
tygon sleeves were used for each rod. Throughout the testing care
was taken in sliding the sleeves on ‘he rods so that they did not
come closer together than 2.1 inches which insured that the center
span was not touched, A third group of nine rods was tested without
sleeves as a control, Crosshead speed was 0.5 cm/min., Rods were

tested Ary in the laboratory atmosphere,
8.13 Surface Condition of Fyrex

large variations in sample strength tend to mask
other effects. Therefore, as preparation for later dynamic measure-
ments the effect of surface condition on the variability in strength
of Pyrex was studied, Mould and Southw;lck15 have shown that ih the
case of soda-lime glass microscope slides, controlled abrasion
reduced the variability in strength to standard deviations as low
as 5 to 108 of the mean,

For the present study 3} mm Pyrex brand rod was cut

into 55 inch lengths. The samples were then anneszled at SbS’C
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for % hour and furnace cooled, These samples were then u~~' for

tests with four surface conditions; grit blasted, acid etched,

acid etched then grit blasted, and as-received, Etching was done

by dipping samples into an etching solution of 15% hydrofluoric

and 15% sulphuric acid in water for one minute, The samples were

then removed and rinsed in tap water. The purpose of this light

etch was to remove any gross mechanical damage in the as-received
samples in the hope that there would be less variability in samples
that were subsequently grit blasted. Orit blasting was done using the
abrasjon apparatus and method described in Section 5.0, After biast-
ing the samples were rinsed in tap water. The as-received samples were
also rinsed in tap water before testing. Tests were begun immediately
after the samples were prepared. Dynamic tests were made in four
point bending using the apparatus described in Section 6,0, Cross-
head speed was 0,5 cm/min. Since abrasion leaves a small visible

area of high flaw density around the center of the sample, Fig. 7,
care was taken to position this region between the inner rollers

during loacing.
8.2 Static Fatigue

"Static fatigue curves of high strength, acid-etched soda-
lime-silica ylass were experimentally determined at 7.°F and 50%
and 100% relative humidity. 100% relative humidity was easily main-
tajred, However, duriny the SC% relative humidity tests, the actual
relative Pumidity varied from 0% to 8%, in an attempt to obtain

the apparent activation ensryy for static fatipue at 1008 relative
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humidity, additional daia was taken at 100°F at stress levels of
200,000 and 210,000 psi, and at 50°F at a stress level of 200,000 psi.
Acid-etched rods were prepared (Sect, 4,0) and either tested
immediately or stored befofe test in a closed desiccator., Rods
were measured with a micrometer at both ends and the average taken
as the true diameter, The required load parameter P was determined
from plots of the nonlinear analysis for four point bending using
the rod diameter and stress level desired, Separate plots were
made for both type A and B testing stations, Fig. 12 is a sample
plot of the solution for the type B testing station, Actual plots
used were considerably larger., The load in grams to be hung on the
test station loading arms was then determined from a computer
tabulation of P versus lcad in grams from Eqn, (12) or (13) depending
on the type testing station in use. The type A stations were
used for all tests at 100% relative humidity, including the activa-
tion energy data. The type A stations were also used zt 50% rela-
tive humidity for stress levels as high as 270 kpsi. It was an-
ticipated that the type B station would be required at 50% relative
humidity for tests at stress levels cbove 270,000 psi; however,
datz could not be taken at stresses above 270,000 psi since times
to failure were less than the minimum measurable time to failure,
Therefore, the type B station was also usrd at SO% relative humidity
for stress levels from 230,000 to 270,000 psi,
Testing with the four type A stations was beyun by establish-
ing the desired temperature and humicity ‘.. the envirormental cnamber,

This (acilitates reestablishing these conditions after the chamber
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has been opened and the specimens placed in the bending a,: ratus,

The external crank was then turned and locked to raise the loading
arms so that the etched rods could be placed in the fatigue stations,
The correct weights for each rod size and stress level were hung

on the station loading arms, The etched rods were placed on the
support rollers so that the etched, untcuched portion overhung

the outer rollers on each end. FPlexiglass shields were placed be-
tween the stations. The chamber was then closed and the desired

temperature and humidity reestablished, The timers were reset and

 the crank was unlocked and rctated 3/L turn to allow the load

rollers .o lower on the glass rods., As each loading arm came within
15° of horizontal, the individual microswitch on the arm started
the timers, After failure occurred at a station, the loading arm
dropped and tripped another microswitch which shut off the timers
for that station., The procedure for the type B station was similar
except that plexiglass saields were unnecessary and timers were
started bty a mercury switch on the loading arm instead of a micro-
switch, Tests were generally terminated for samples that did not
fail after one day although in ¢stablisning the fatigue limit some
tests at low s.resses were alluwed to run for several days, Tests
to be used to determine activation energy were generally terminated
after cne hour since the anticipated median fajilure time was within

that limit by two or three ordurs of magnitude,

The susceptibility to stress corrosion of fused quartz and
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vyrex (borosilicate) glass was determined by measuring tl.. lependence
of strength on stressing rate. The testing procedure for pyrex

was as follows: HRods of 3mm Pyrex brand glass rods were cut to

54 inch lengths, The rods were annealed at 565°C for 4 hour then
furnace cooled, They were then abraded using the apparatus and
procedure described in Sectlon 5,0, After abrasion the samples were
aged in distilled water for .5 hours, Mould® has shown that storage
in distilled water is the most easily controlled and reproducible
treatment for fresh abrasions before test, Groups of 20 sampies

were broken at each of 7 different crosshead speeds, These cross-
head speeds were 0,005 0.01, 0.05, 0.1, 0.5, 1,0, and 2.0 em/min,
Samples weré tested wet and at the lower crosshead speeds were
periodically wetied with distilied water to insure that they remained
wet during testing. A similar procedure was used to test 3mm fused
quartz rods, However, fused quartz samples were not annealed due

to the possibility of devitrification anua were aged in distilled

water 38 houi's before testing.
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9.0 RESULTS OF PRELIMINARY INVESTIGATIONS
9.1 Storage of Acid-Etched Rode

Results are summarized for both air and vacuuin tests in
Table 1, The samples stored in vacuum for one day were evidently
mechanically damaged during storage as evidenced by the low strengths
and large variability., This damago probably oc:urred when the
vacuum line was accidentally pulled off the desiccator since an
oily grit was found in the vacuum connection of the desiccator,
The results of storage in the desiccator with air are shown graph-
ically in Fig. 13. Samples showed no discernable loss in strength
for storage times of up to 19 days. It was therefore concluded that
acid-etched samples could be stored in a clesed desiccator before
test with no detrimental strength effects. Samples were generally
stored for less than one week with most being tested immediately

after etching.
9,2 Effect of Tygon Slewves

Results for all three scrjes of tests are summarized in Tavle 2.
The somewhat lower strenpths recorded in series 1 when the same two
sleaves were used for all test: are jprobably the rerult of gross
mechanical damage. It is likeiy th.t tle sleeves became impregnated
with broken rlass or corrosion products from the surface of the rods.
Strengths recorded in the second ana thir<d series are comparable
ad within tho ranpe of the desiceator storage cxperiments which

woro cordueted withoul typon sleeves, Also, the second wnd third
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Effect of Tygon Sleeves on Strength of Acid-Btched, Soda-Lime-Silica

%1ass Rods

Series 1 - Same sleeves used throughout

17 Samples

Yean (psi)

Standard deviation (psi)
Coefficient of variation (%)

958 Contidence interval (psi)

Series 2 - Neﬁ sleeves each test

16 Sanmples )

Mean (psi)

Standard deviation (psi)
Coefficient of variation (%)

95% Confidence interval (psi)

Series 3 - Without sleeves
9 Samples
Mean (psi)

Standard deviation (psi)

" Coefficient of variation (%)

9u4 Confidence interval (psi)

25L536
72805
28.5

217401 to 292270

315036

66952

27.6

268712 to 361359

262719
66,10
23,8

-

231678 to 333820

e d(-"v;w-‘g:- "
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qeriea show similar variation in strength regardless of whe!her
the samples were tested with fresh sleeves cr without sleeves,
Therefore, it was concluded that there was ro advantage in using

tygon sleeves on the acid-etched sarples.
9.3 Surface Condition of .yrex

Results for all four surface conditions are summarized in
Table 3 and grapnically in Fig. lh. The effect of abrasion was to
greatly reduce the variability of breaking strength since there
was no significant difference between the as-received abraded and
the acid-etched abraded samples. As-received samples, therefore,

were abraded in all subsequent dynamic testing. The large varia-

bility in breaking strength shown by the lightly acid-etched samples

and to a lesser extent by the as-received samples is a reflection
of the large distribution of flaw sizes expected to be found on

the surface of these glasses,
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TABLE 3

Surface Condition and Strength of Pyrex

Series 1 - Acid etched

10 Samples

Vean (psi)

Standard deviation (psi)
Coeliicient of variation (%)

95% Confiderce interval

Series 2 - Acid etched and abraded
10 Samples

Mean (psi)

Standard deviation (psi)
Coefficient of variation (%)

95% Confidence intervel

Series 3 - Abraded

9 Samples

¥ean (psi)

Standard deviation (psi)
Coefficient of variation (%)

959 Confidence interval

51

62669
36805
L6.7

36342 to 68996

13605
851
6.2

12990 to 14214

12687

53k

L.l

121,76 to 13297
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Series L - As recieved

10 Samples

Mean (psi)

Standard deviation
Coefficient of variation (%)

95% Confidence interval (psi)

TABLE 3 (continued)-

16054
6338
39.4

11520 to 20587

52
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Figure 1l;, Surface condition and strength of pyrex

as recieved
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10,0 STATIC FATIGUE
10,1 Static Fatigue Data

Results of static fatigue tests of aciu-etched, soda-lime-
silica glass rods at 7L°F are summarized in Tables L and 5 for
100% and 50% relative humidity .espectively, Stresses and failure
times are plotted in Fig. 15 and representative least squares lines
are shown for both 100% and 50% relative humidity. Data points
at 230,000 psi 100% relative humidity, and 270,000 psi 50% rela-
tive humidity, were used in fitting the lines although it should
be noted that the corresponding failure times were approximately
the minimum response time determined for the apparatus. The slope
of the least squares line for 100% relative humidity is 1L,619 psi/log
decade and the intercept is 190,260 psi with a correlation -.992.
The slope of the least squares line fcr 50% relative humidity is
14,419 psi/log decade and the intercept is 223,005 psi with a cor-
relation of -.95L4., The static fatigue linit stresses, given in
Tables L and 5, are 150,000 and 160,000 psi for 100% and 50% rela-
tive humidity respectively and are indicated in Fig. 15 by arrows
in the appropriate data points.

Medisn times to failure determined for acid-etched, soda-
lime-silica glass rods at 100% relative humidity for various tem-
peratures and stress levels are shown in Table 6. It was hoped
that these median times to failure could be used to compute the
apparent activation vnergy for static ratigue, however, the data

16 too inconsistont tu allow this coleulstion.  For eaanple, for
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TABLE o
Median Failure Times for Acid-Ftcled, Soda-Lime~Silica Glass
st 100% ., H, ard Various Temperatures and Stress Levels
Ledian
Temperature Stress tailure time No, samples
“¥) (kpsi) {min) tested
100 210 .1066 31
Th 210 0L00 from kig. 15
100 200 0084 Lo
h 200 2000 from Fig. 15
%0 VY Q075 &
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Stress level 200,000 psi the time failure at 50°F and 10¢°"

is less than the time to failure at 7L°F. This could be due to

" variability in the data anv not taking large enough differences

in temperature.

10.2 Comparison of Static Fatigue Data with the Universal

Fatigue Curve of Mould and Southwick

Static fatigue results ot high strength acid-etched, soda-
lime-silica glass rods at 74°F and 100% relative humidity, Fig, 15,
may oe normalized in the reduced units of the universal fatigue curve
of Mould and Southwick.15 The reduced stress is defined astJ’/crN,
the failure stress divided by the failure stress at liquid nitrogen
temperature, The valve »f Oy for acid-etched, soda-lime-silica
glass has been determined by Ritter28 to be 4.705 x 105 psi. The

reduced time is defined as log (t/t where t is the failure time

0.5)’
and t0.5 is the failure time at one-half the liquid nitrogen stress.
From Fig. 195, Y. is found to be 8.92 x 1o'h min, at 235,250 psi.
The effect of dividing t by tO.S is to shift the reduced fatigue
curve so that log (t/tO.S) is equal to 0.0 for 07/gy equal to 0.5.
The slope of the reduced curve, shown in Fig, 16 is =,031, The
universal fatigue curve obtained by Mould and Southwick for soda=-
iime-silica glass tested at room temperature in distilled water

¢ having a variety of surface abrasions is shown dotted for
comparison, The slope of the universal fatigue curve is -,078

which is about 2% times as great as the slope of the static fatigue

data for acid-etched, glass rods. This large difference in slope
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Figure 16,

Static fatigue of acid-etched, soda-lime-silica
glass at 7.°%F and 100% relative humidity plotted
in units of reduced stress and time. Dotted
curve represents universal fatigue curve of Mould
and Southwick15 obtained for abraded soda-lime-

silica glass,

60

s 3 S Y 1 . S A e e At
PR NI e e oo .

L T v e 4 s g




e v e et i ¢

ot Ao 2 P e e = 4

————

.

61

indicates that the universal fatigue curve does not apply ‘. the
static fatigue behavior of high strength, acid-etched, soda-liime-

silica glass.

10.3 Comparison of Static Fatigue Data with the Theory of

Charles and Hilligp

The static fatigue theory which best describes the present
5

experimental data is that of Charles and Hillig,” The expression
for the slope of the line passing through the reduced static fatigue

data given by Charles and Hillig is:

d In t/t v*cr
0.5 u

- _ (14)
dZU"?o"N,i - RT

All terms are as defined in Section 2,5, The activati_a volume for
stress corrosion at 100% relative humidity may be calculated from
the above equétion. By choosing the vaiue of gfh to be 2 x 106 psi,
and using the temperature of 7 F and the slope o =7u,2 from

the static fatigue date at 100} reiative humidity the activation
volume, V*, is found to 13.2 cm3/mole. The experimental fatigue
lirit stress, Si is 1.0 x 105 psi (from Table l,) and the molar

volume VM is asswied te be 20 cm3.5 Using the above values of cru

and V¥ in Eqn, L, /L can then be calculated to be 1.355 x 10° ergs/cmB.

Using the Orowan craiteria for 1‘:~lilur'e"h the crack depth, L, can be

calculated to be 6,25 x 10~ cm, Using this value of the crack

2
depth, /7 is calculated to be 8i6 ergs/cm . The typica' value of
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the activation volume, V*, for alkali metal ion diffusior in sili-
cate plasses was reported by Charles and Hillig5 to be 4.9 cm3/mole.
They calculated V* to be 1 cm3 for abraded soda-lime-silica glass
using the slope of the universal static fatigue curve of Mould and
Southwick.15 Then using the data for « point on the universal fa-
tigue curve near the fatigue limit, they calculated ' %o be approxi=-
mately 500 ergs/cmz. It should be noted that is‘zependent on

the values which are chosen for oy’ the strength at liquid nitrogen
temperatures, (o gy the ultimate strength of L.e material, and L,

the crack depth., There could be as much as an order of magnitude

error in the choice of the crack depth, and CTu and Oh could vary

62

by a factor of two, Therefore, the value of I could vary considerably

depending on the choice of the above parameters,
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11,0 DYNAMIC FATIGUE RESULTS AND THEORY OF CHARLES

The experimental data from dynamic fatigue tests of fused
quartz and abraded pyrex are summarized in Tables 7 and 8, Figures
17 and 18 are log-log plots of these results., The straight line
shzwn in each of thesc figures was calculated by the method of
least squares with the slope as indicated. The correlation coeffi-
cient was ,708 for fused qQuartz and .Ybl for pyrex. As discussed
in Sect. 2.3 Charles3 derived that under dynamic loauing the break-
ing strength of glass should vary with the rate of stress applica-

tion as follows:

1/n+l

Oar =K3 (2)

where Caf = macroscopic applied stress at which fai.ure occurs,
& = rate of stress application, n = exponent in Charles' assumed
crack velocity equation and K = constant., Assuming simple beam
theory the stressing rate is proportional to the loading rate at
the load points. Therefore, from Fig, 17 the value of "n" for
abraded fused quartz is 37.8 a;a from Fig. 18 the value of "n"

for abraded pyrex is 27.L.
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17,0 DLSCUSSION-STATLIC AND DYNAMIC FATIGUE OF SILICATE G.' .SES

12,1 Dynamic Fatipue

3

To describe f{law growth under dynamic conditions Charles

assumed that

v, o= K("mn (1)
where v, is the velocity of the fluw tip in the « direction, CFm

is the normal tensile stress at the flaw tip, and k, n are constants,
He then derived, Fqn. (2% that "n" may be experimentally evaluated
from the slope of a log-lcs plot of failure stress versus loading
rate. The results of various investigators are piven in Table 9A.

Wiederhorn9’10 using the crack velocity equation developed

-~

5
from reaction rate theory by Charle:s and Hillig derived that
v =V oexp - (Ba - bKl)/RT (o)

where v is the crack velocity .ud v, E# and b are parameters which
may be exjerimentally evaluated by fitting crack velocity data
te the above equation, Kl ig the stress intensity factor, propor-
tiones to stresses at the crack tip.

It would be of extreme :mpoartance to be able tu relate the
fundamentally derived parameters E# and b from Wiederhora's crack
velocity equation to the empirical.voustnnt ;" determined from

measuring fracivre strength as a tunction of stresain rate, how-

evor, the analytical o cvdfdon i et kiown at jresent (see Appendixb),

e
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TABLE 9 v
Comparison ol Cruck Velocity and Uynamic katigue Uota
A, Dynamic fatigue data
Glass Surface cond, Reference ot 130

Soda-lime (Kinble R-6) acid~etched Ritter6 13,0
Soda-lime (Corning 1060) abraded Charles’ 16,0
E—glass* ;ristine fiber Cameronlb 27,0
tused quartz (Gen, Elect.) abrade This inv, 37.8
lyrex (Coruimy, 1749) abraded This inv. 27
B. "n" Dectermined from crack velocity neasurements of ‘l\‘iederhorn10

Glass In?
Soda~lima (Libby-Owens Ford) 16.6
Aluminosilicate**(Corning 1:29) 2.
Fused silica (Corning 794) 3o.l
Fyrex (Corning ((LJ) 3u.d

; E-ylass has nominal compositicn, weight percent SL.U SiOz,
Lok “‘2“)3’ 11,5 Cad, LS5 M), t o) !12'\)3, 0,8 Naza‘ + K20,
Joli P3203, J.3 ?2.30
#  This hav ncrinal corposition, weipht percent H7.0 SiO:,

20,0 ALEJE, 0.0 Cady 1é. Kgy 1 B3, 1.0 Nagy, which is very

similar to Eeplass,
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Instead crack velocity measurements may still be correlaied with
dynamic fatigue data since the theory of Charles3 assumes that a
plot of log v versus log KI should be a straight line with the slope
piving "n", This has been done using Wiederhorn 's10 experimentally

determined stress corrouion constants and the results are given

(s

¢
in Table 9B, ¢ The fit of the velocity-stress intensity data to a

log-log plot was very pood, especially at the high velccity end.
Comparisons of "n" values computed from dynamic fatigue tests

and "n" values determined from the cro:x velo.ity data of Wiederhorn

agree well on both a qualitative and gquantitative level. Tne largest

discrepancy was for pyrex glass, 27.) versus 3L.1, and *hese measure-

mente are currently being checked,
12,2 Static bkatigue

Static fatigue curves for acid-etched, soda-lime~-silica glass
at 7 F and 50% and 100% relative humidity, Fig. 15, are very nearly
parallel, The breaking stress decreases at approximately 1k,500
psi per log decade of time and breaking stresses at S0% relative
humidity are 17% higher than those at 100% relative humidity,

19

This correlates with the work of Mtto’” who tested fibers of various

silicate glasses in dry air having ~13°F dewpoint and in air at
S0% relative Lumidity, Otuo's static fatigue tests showed breaking
stress decreascd at 15,000 to 20,00 ;si per lop decade of time
ropardless of temperature or ambient humidity, bHe also found that
fn static fatipee Lests at room berperature breaking stresses were

peneraily 3O hiyher anodey air than at S0 relatic o humidity .

L
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Static results for acid-etched soda-lime-silica glass may
be normalized in the reduced units of the universal fatigue curve
of Mould and Southwick., This has been done for the 100% relaiive
humidity results in Section 10.7:. The same procedure may be used
for the S0% relative humidity results and from Figure 15 the correspond-
ing value of tO.S is 0.148 minutes. Using these values the slope of
the :.xduced curve is -.,031. The intercept is G.5 as it must be for
ray universal ftaligue curve, Comparison of these re:ults with those
of Section 10.2 shows that the static fatigue 0i acid-etched, soda-
lime-silica glass at 7h°F and S0% and 100% relative humidity may
be represented by a single universal fatigue curve, This curve and
the reduced data points at both humidities is shown ir Fig. 19.

This zgrees with Wiederhorn'sl3 formulation of the universal fatigue
curve, Eqn. 8, which predicts that a universal fatigue curve is
independent of relative mmidity. A slight rearrangement (Eqn. 9)
of Wiederhorn's formulation of ihe universal curve fatigue also
shows that static fa-xuue curves determined for a given chemical
composition and temperature brt at vifferent relative humidities
should be parallel as in Fig, 15 when preseated in the usuil manner
(failure stress vs ibg time to failure).,

Universal fatigue curves may also be determined for E-glass
and fﬁsed silica. Data presentea in Fig. 3 oﬁ static fatigue of
F-glass énd in Fig. L for fused silica were read by the present
author from plots in publications cf the investigators listed.

A similar brocédnre»tn that for acid~etched, soda-lime-silica 7'ass

) ' 2
was then used Lo obtain the universal fatipue curves, Proctor's
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data for samples tested in liquid nitrogen showed a median failure
stress ofzépproximately 1200 kg/mmz. The corresponding to g from
Fig. L equals 0,122 seconds, Using these values the slope of the
universal fatigue curve for fused silica is -,041, The universal
fatigue curve for E-glass was determined using the curve in Fig, 3
marked Hollinger et al.zo. This curve was chosen since it represeats
the median curve of che three investigators of static fatigue in
E-glass, Cameron18 has measured Ty equal to 820,000 psi for E-

glass fibers, JFrom Fig. 3 the corresponding vaive of t

s
0.5+
28.2 seconds, Using these values the slope cof the universal fatigue

curve for . Zlass is -036,

Universal static fatigue curves as determined above for va-
rious silicate glasses are shown for comparison in Fig, 20, Sur-
prisingly, Fig. 20 shows :little if any difference in susceptibility
to static fatigue among the three high strength silicate glasses
despite differences in chemical compositicn, This is in contrast
to the results of dynamic tests (Section 12,1). A possible exvlana-
tion rfor this lies in the difference of crack size for high and low
strength glasses, Charles)'1 has noted that dissolution of multi-
component silicate glassas, fused silica, and quartz is greatly
enhanced in basic solutions, He also showed that corrosiorn of
unstressed soda-lime-silica gliass occurs more rapidly in steam than
in water at the same temperature because great dilution is possible
in water and therefore pl buildup is slower than in the corrosion
products of a like sample in stew.. Wiederhorn31 has recently sug-

gested that the effect of plass composition on corrosion is to




B s Lt T U TP ——

Tk

AL et e i e 8 M b e S P A =8 o A 1 L W ke R

I auunel < g

—r— - oot o i st = A .

sasge(d 23edTT11S JOo 3andtjey or1elg °*0Qz @.andty

*0 )
Am 1/3) Hco.H
[ ] L 9 S ki € 2 T 0 | i 2- €~ - 5= 9~
T T T T T | E— T T T T T 1 ) ©
- °0
¢
- 2°0
-1 €0
-4 e
- §°0
G
Py
L .
gPlPTAINCS PUR PTNO} gL =
$5218 eOT{TS-BWUTT-epOS papledqy °7 -4 l°c
mmoﬂm 19 J0300J] SJI9QTJ BOTLITS pasng °¢
oz 1% 3° ZORUTILON sioqty sserd-g °2 1 ¥
61 d9an3ty ‘uotriedrisaAut Juasaad 4 6c
sseld eoTITS-awWIT—BPOS ‘pays3ae-pIoy °1
-1 01

e R




e ————— S . S

control the pH at the tip of the crack. ®Une would reason~hly
expect that the control of pH would be more effective in deep cracks
than in the relatively shallow cracks that would be present in

high strength glass., The expansion of corrosion products would
u4lso retard entrance of bulk water to the interior of a deep crack.,
Thus one inight exnect to see little effect of glass composition

on the static fatipue of high strength glasses, However, this does
not explain Ritter's6 results that dynamic tests of bLoth high and
low strength soda-lime-silica glass predict tne same fatigue sus-
ceptibility. To resolve these questions, additional static fatigue
tests of low strength silicate glasses of differing chemical com-
positions are required to further elucidate the ef“ect of chemical
composition on static fatigue, Further attention must also be
given to the specific kinetic processes occurring during corrosion

at a crack in a ;lass surface,
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13,0 CONCLUSIONS

() ‘Jynamic fatigue data can be compared to fundamental
crack velocity data utilizing Charles' dynamic fatigue theory,
Agreement is geuod on both a qualitative end quantitative level
for a wide variety of silicate glasses,

(1i) The static fatigue data for acid-etched, soda-lime-
silica glass does not lie on the universal fatigue curve of Mould
and Southwick determined for abraded soda~-.ime-silica glass. Tha
acid-etched glass was less susceptible to static fatipue than the
abraded glass,

(1i1) Static fatigue curves of acid-etched, soda-lime-silica
glass determined at 7L°F in atmospheres of 50 and 100% relative
humidity can be represented by a single universal fatigue curve. These
results are in agreement with the predictions of Wiederhorn on the in-
fluence of relative humidity on the static fatigue curve,

(iv) There is little aifference in the static fatigue suscepti-
bility, as measured from a universal fatigue curve, of high strength
silicate glasses (soda-lime, E-glass, anu fused silica). This could be
due to the nature of the surface crack on these high strength glasses
being relatively shallow which would allow the corrosion products be-
ing diluted by the surrounding water so that the glas: composition

has little effect on the pH at the crack tip.

o
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14,0 FUTURE WORK

To further elucidate the effect of composition on Low strength
silicate glasses, the static fatigue curves of abraded pyrex and
fused silica should be determined. Once the effect of comp051tibn
on the static fatigue of low strength silicate glasses is understood,
these results can be compared with those of the present study for
high strength silicate glasses. Present fatigue theory should be
revised to account for the dependence of fatigue susceptibility
on chemical composition and for the different high and low strength
behavior, Also, further attention must be given to the specific
kinetic processes occurring during corrosion at a crack in the

surface of a silicate glass.,
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A¥FENDLIX A SAMILE CALCULATIONS

The slope of the static fatigue curve in reduced units given

by Charles and lrli.lligS iss
*
dlnt _ VO,
d(0 O"N KT

Substituting the values of temperature, T, of 296°K and the slope
of -7L.2 for the static fatigue data, and assuming a theoretical
strength for soda=lime-silica glass of 2.0 x 106 psi or 1.38 x 101‘

dymatsi/cm'g , tne following equation is obtained:

dlnt v* (1.38 x lolldynes/cm2)
7—7'-—7 : ‘7).].2 : p
dio N (8.313 x 10'./ne-cm/gmol K)(296 K)

The value of V*, the activation volume for alkali metal ion diffu-
sior in the glass is found to be v =13.2 cn3/mole.

F'/L from Eqn. L iss
d 2

3 Crf.h vu:

=<7

By substituting the value of the fatigue limit stress, SL’ of

10 qynos/cm2, assuming a value of the

1.5 x 10° psi or 1,03 x
molar volume, Vk,, of 20 cn3, and using the above values of o"u

and V*, <he ratio " /L can be calculated,
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o

2
8x 1.32 x lolcmB/gmol x 1,06 x 10 dynes2/cmh

r.
L 3x1.38 x lOMdynes/cm'2 x 2 x 10Yem3/gmol
!E = 1,355 x 109 dynes/cm2 = 1,355 x 109 er‘gs/cm3

14

By using the Orowan™" criteria of fracture:

: 6 -8
with g, = 2,0x 10 psi, O =2,0x 1()5 psi and g =2,5x10 ecm,
the crack depth, L, equals 6,25 x 10'7 cm, Using this value of L
the value ¢cf /7, the surface free energy between the solid and the

reaction product, can be calculated to be 8LS dynes/cm2.
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AFPENDIX B RELATICNSELIP OF FAILURE STRESS TGO STRESSING RATE

An attempt was made te reiate failure stress to stressing

?,i0

rate using Wiederhorn's fundamental crack velocity expression

(Eqn. 6) following the general method employed by Charles.3 Bon. 6

may be rewritten as

v =V, exp- ( b= - LIC"_‘“}/RT

Where v is the crack velocity and cn is the normal tensile stress
at the crack tip. Voo Ex and B are parameters wkich may be experi-

mentally evaluated by fitting crack velc -1“/ data.

32

Inglis” has showr that

Where @ 1S the macruscopic appiied stres:, X i_s the depth of the
a , g

crack ard € is the radlus of curvature of the crack lip. < is

of interatomic ¢imensions and nay e assumed constant during crack

1

growth, Similarly Crowan™ using Griffith's results has shown that

N

o »=" o
er =€ 3f(xcr/C)
¥nere U'«r is the th2oretical strength of the material in tension,
G,y is the macroscopic applied stress at which failure ocrurs and

X r,iu tne critical fiaw depth for spontaneous crack propagation.

O
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In a dynamic test the appiied stress may be expressed most

simply as

G =Bt
ud

Where t is time and S is stressing rate. Also

('T_af =8 t'f

Where cr‘af

occurs, as previously defined, ani Ly is the time to failure,

is the macroscopi: applied stress at which failure

Thereriore,

1
2

o, =2Bt{X/€)

Substituting the above eguation into the velocity equation we obtain

v = dx/dt = v exp - (e - 288t/ ) /0T

This 1s a nonlinear differential egualict ane @n andlytical solu-

tion is not known at presernt.
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